The influence of thermolysis temperature (range 500-700ºC) on the products produced from granulated scrap tyres (GST) (2-6 mm Ø) in a semi-batch pilot plant that uses several fixed bed reactors in parallel (GRAUTHERMIC-Tyres ® process) was examined. This pilot unit consisted of six vertical fixed bed reactors in parallel, each with a capacity of 12 kg GST.
Introduction
Some 1000 million end-of-life tyres (ELTs) -around 13.5 Mt, a figure that could rise to over 17 Mt [1] -have to be disposed of each year. In industrialised countries, around 37% of these ELTs are energetically valorised (usually in cement ovens), 23% are treated mechanically to recover useful materials, 27% are retreaded, and 17% end up in landfills, (though this is declining) [2] .
Over the last two years, numerous scrap tyre granulation plants have been installed in Europe. In Spain alone, there are 13, with a treatment capacity of 100,000 t/year, producing some 65,000 t/year of largely steel-and fluff-free granulated. Their granulated product is classified into three sizes. The <0.8 mm fraction is used in the manufacture of asphalt, although the market for this is small, and the 0.8-2 mm fraction is used in the production of artificial sports turf, a market now suffering from public spending cuts. Unfortunately, there is virtually no market for the 2-12 mm fraction. The result is an excess production of some 60,000 t/year of these granulated products. Their energetic revalorisation is therefore of great interest.
A number of authors have investigated the pyrolysis of waste tyres at the laboratory and industrial scale, in both inert and partially oxidizing atmospheres, using fixed bed reactors [3, 4] , rotary kilns [5, 6] , circulating fluid beds [7] , bubbling fluid beds [8] , vacuum moving beds [9] and incineration/combustion reactors [10] [11] [12] , in co-combustion with coal or other fuels [13] , in gasification systems [14] , and in conical spouted bed reactors [15] . More recent research trends have involved thermal plasma pyrolysis, pyrolysis in the presence of catalysts (zeolites) [16] , and hydrogenerative pyrolysis [17] [18] . The economic viability of the pyrolytic treatment of ELTs depends largely on the quantities and properties of the gases, tyre-derived oil (TDO) and char formed. Many industrial initiatives have failed because of the lack of markets for these products, or the low profitability of the process.
Tyre-derived oils have gross calorific values (GCV) of around 41-44 MJ/kg, similar to those of commercial heating oils [19] [20] . They can be used as such, although in most European Union countries this is strictly regulated. In Spain, for example, they must comply with the technical specifications [21] of Standard ISO 4259 [22] for use as automotive (class A), agricultural or maritime (class B) or heating (class C) fuels. In some countries, legislation allows these oils to be mixed with fuel oil in proportions of up to 10 vol.% [23] . TDOs are also a potential source of benzene, toluene and xylene (BTX) and limonene [24] .
The pyrolytic chars produced from granulated scrap types (GST; 30-40 wt.% of the initial feedstock) have a moderate energy potential (30-40 MJ/kg). Some have physical and textural characteristics similar to certain commercial carbon blacks, but their high ash (12) (13) (14) (15) (16) wt.%), sulphur (1.8-4 wt.%) and zinc (3-5 wt.%) contents hinder their re-use in the tyre industry. Acidic demineralisation [25] [26] and physical and chemical activation [27] [28] can improve their chemical and physical properties, but these steps are costly.
The gas fraction contains high concentrations of methane, ethane, butadiene, hydrogen and other hydrocarbon gases [17, 19] . With a GCV of approximately 37-42 MJ/kg, it could provide all the energy required to run a pyrolytic process. However, the simple fact that the energy requirements of a process can be covered is insufficient to justify its use.
Recently, a team from the Centro Nacional de Investigaciones Metalúrgicas (CENIM-CSIC) and the Instituto Nacional del Carbón (INCAR-CSIC), developed the GRAUTHERMIC-Tyres ® process alongside ENRECO 2000 Ltd. [29] [30] . This process, which operates at low temperature and atmospheric pressure, was designed for revalorising GSTs.
Thermolysis proceeds in vertical, parallel, tubular reactors with no internal moving parts.
During the thermolysis stage, there is very little oxygen present (<3 vol.%); this prevents combustion reactions taking place. The gases that leave the reactor during this phase circulate through cooling and condensation systems. Those that do not condense are passed to a gas turbine for the production of electricity.
The present work examines the influence of thermolysis temperature (range 500-700ºC) on the products produced from GSTs by the GRAUTHERMIC-Tyres ® process. Experiments were performed at batch scale in a pilot unit with a system for energetically revalorising the gases produced. The results obtained were compared to those reported in the literature for other pyrolytic processes.
Experimental

Origin of the granulated material to be distilled and its chemical composition
The GST used in this work came from the NEGRELL RESIDUES granulating plant (Banyoles, Gerona, Spain), and consisted of small particles (2-6 mm Ø) made of natural and synthetic rubber compounds (styrene butadiene rubber and butadiene rubber), elastomers, carbon black, hydrocarbon oils, zinc oxide, sulphur, sulphur compounds, stabilizers, antioxidants and anti-ozonants, and very small amount of fluff (<2.0 wt.%) and steel (<0.1 wt.%).
Proximate analyses were performed following standards ISO562 and ISO1171 to determine the volatile and ash contents respectively. Elemental analysis for C, H, N and S was carried out using a LECO CHNS 923 apparatus, following the method in standard ASTMA D-5773. The GCV of the GST was estimated using an IKAWEEME C4000 automatic bomb calorimeter; for this, representative samples frozen in liquid nitrogen were first milled to a smaller particle size. Table 1 shows the composition of the raw GST to be similar to that reported in the literature [31] [32] [33] [34] [35] [36] . Figure 1a shows the thermolysis unit. This consists of six vertical, tubular, stainless steel reactors (length 1510 mm, wall thickness 6 mm, external diameter 154 mm). Each reactor has a capacity of 12 kg GST and is fed through a PN-16 3-type valve. The thermolysis gas flows out by natural convection and is cooled in two successive condensers (water-and cryogenically-cooled respectively) to recover the TDO. The condensers are composed of a number of stainless steel tubes. The upper and lower part of each is equipped with a small chamber for the expansion of gases and TDO collection. The gas temperature at the entrance of the first condenser is near 250ºC, and about 100ºC at the exit. The gas reaches the second condenser at 45ºC. Gas condensation is enhanced by a cryogenic cooling system to guarantee a gas temperature below 5ºC in the second condenser (Fig. 1b) . The condensed oils are collected in a deposit equipped with a level-maintaining valve and a pump.
Thermolysis experiments
At the bottom of the reactor there is an external heating system that runs on propane gas.
Each tube has three thermocouples, one at the bottom, one in the middle, and one at the top.
These, like the rest of the monitoring systems, are connected to a central control unit. When the temperature of the reactor reaches 500, 525, 550, 650 or 700ºC as desired, the burners switch off. Whenever the temperature falls, they automatically switch on again. The installation has an automated control system that records the temperature measured by the thermocouples.
The cold gas procedure is cleaned by a three filter system: water, a 1M Pb(CO 3 ) 2 solution, and activated carbon. The clean gas passes through a flow meter to measure the volume and is conducted to a TOTEM ® electric co-generation turbine (Total Energy Module)
consisting of a thermolysis gas-fed 903 cm 3 engine coupled to an engine/alternator (Fig. 1c) .
Both are asynchronous. The module has an electronic coupling system that diverts the electricity produced into the Spanish electricity grid, and has a system that measures the number of kWh produced.
Batches of GST (12 kg per tube) were heated for 4 h (treatment capacity 18 kg/h) at 500, 525, 550, 650 and 700ºC. After completing the thermolysis process (the endpoint being deemed reached when the rotameter inside the tubing detected a total absence of thermolysis gas), the reactors were cooled for 4 h, opened, and the thermolysis solids removed by aspiration. The TDO was taken from the deposit using a pump and filtered under pressure. The composition and yield (by weight) of the TDO and char fractions were then determined; the difference between the sum of these weights and the weight of the GST equals the weight of the gas. Each result presented in this paper is the mean value of the data obtained in at least two experiments.
Characterisation of the tyre-derived oils
Proximate analyses were performed following the ISO562 and ISO1171 procedures for volatile and ash content respectively. Elemental analyses (C, H, N and S) of the TDOs produced at each thermolysis temperature were performed using a LECO CHNS 923 apparatus, following standard ASTMA D-5773. The amount of oxygen was calculated by difference. Their GCVs were determined using an IKAWEEME C4000 automatic bomb calorimeter.
The TDOs were dissolved in dichloromethane (DCM) and analysed by gas chromatography/mass spectrometry (GC/MS) using a GCMS-QP2010-Plus chromatograph (SHIMADZU, SCIENTIFIC INSTRUMENTS) equipped with a mass spectrometry detector (GC/MS) plus a TEKNOKROMA (TEKNOKROMA S. Coop. Ltda) TRB-5MS (95% dimethyl-5% diphenyl polysiloxane) capillary column (20 m in length, 0.1 mm diameter and 0.1 μm film thickness). The carrier gas was helium. The GC/MS oven temperature programme used for the separation of the oil components was a follows: the oven was held at 40ºC for 1 min, then ramped at 4ºC/min to 280ºC where it was held for a further 25 min. The MS detector performed scans across the 45 to 350 amu range. The ion-masses recorded were automatically compared to those in the NIST 08 spectra library; a similarity of >95% was used to identify compounds. Samples were injected using an AOC-20i autoinjector (SHIMADZU).
The flashpoint of the TDOs was determined using a STANHOPE-SETA Setaflash 3 flashpoint analyser, employing the method outlined in standard ASTM D1655. The density of the TDOs was determined using a METTLER TOLEDO Densito 30 PX densitometer calibrated with distilled, deionised water from a Milli-Q Plus system (MILLIPORE). The kinematic viscosity was determined at 20ºC and 40ºC using a THERMO FISHER SCIENTIFIC Haake 1 plus viscosimeter.
Characterisation of the thermolysis gas
Once thermal equilibrium was achieved at the desired thermolysis temperatures, gas samples were taken from the non-condensed gas exit tube after having passed through the water, activated carbon and lead carbonate solution filters. All samples were captured in 1 L TEDLAR ® bags. They were then analysed using an HP 5890 gas chromatograph equipped with a thermal conductivity detector (TCD) and a flame ionisation detector (FID). Two packed columns were used in this analysis: (i) a Porapak N (3 m × 1/8 in.) to separate C1, C2, C3, C4, H 2 S and CO 2 , and (ii) a molecular sieve TM13x (0.9 m × 1/8 in.) to separate the O 2 , N 2 , and CO. The Porapak column was heated from 50ºC (maintained for 5 min) to 185ºC at a rate of 10ºC/min. The TM column was held at 50ºC throughout the experiment. Helium was used as the carrier gas. The temperature of the detectors was maintained at 300ºC. Quantification was performed by comparison against a blend of gases of known composition, the amount of hydrogen being calculated by difference. The electrical yield of the gases in the turbine was obtained as the ratio between the electricity produced and theoretical value output based on the composition of the gas, using equation (1):
where ξ represents the electricity produced (kWh), expressed as a function of the quantity of GST treated (kilograms) and η (kWh/kg GST ), i.e., the theoretical kWh suggested by the composition of the gas.
Characterisation of the thermolysis char
The proximate, elemental compositions and the GCVs of the thermolysis chars obtained at each temperature were determined as for the TDOs. The oxygen content was determined directly using a LECO VTF-900 analyser.
The porous characteristics of the chars were analyzed by N 2 adsorption at 77 K using a BECKMAN COULTER SA1100 automatic adsorption analyser. Samples (0. Dubinin's theory was used to provide information on the microporous structure of the solid residues. Complementary information was achieved by immersion calorimetry at 293K (TianCalvet type calorimeter) [37] .
The crystalline phases in the char were characterized by X-ray diffraction (XRD) using a BRUKER XRD Mod. D8 Discover diffractometer (Cu kα radiation, 0.03 2θº step-widths, 5 s per step).
The chars were morphologically characterized by scanning electron microscopy (SEM) using a field emission JEOL JSM 6500 F microscope.
Chemical analysis of the ash was performed by combusting the char samples at 800ºC.
The residue produced was disaggregated by alkaline fusion and dissolved using inorganic acids in a platinum crucible. Zn, Cu, Fe, Ti, Al, Ca, Mg and Si were measured by atomic absorption spectroscopy, and K and Na by atomic emission spectroscopy, using a SHIMADZU AA-6300 apparatus, employing a deuterium lamp for background correction (BGC-D2). Figure 2 shows the influence of the thermolysis temperature on the gas and TDO yields.
Results and Discussion
Thermolysis
Thermolysis yields
The reduction in TDO yield with increasing temperature and the corresponding increase in gas production has been reported by other authors [26] . These phenomena are attributed to the increased cracking of C-C bonds at higher temperature, giving rise to shorter chain hydrocarbons. The effect on the char yield was moderate (39 to 44 wt.% from 500ºC to 700ºC).
This small increase is believed to be due to carbonaceous deposits generated during aromatisation secondary reactions.
Tyre-derived oils
Chemical and physical properties The GCVs (41-43 MJ/kg) of the present TDOs surpass those of conventional liquid fuels, indicative of their potential as alternatives to fossil fuels [31] . However, they require treatments such as decanting, centrifugation, filtration, desulphurisation and hydrotreatment before being used as such. Figure 3 shows the data obtained by distilling the TDOs using the ASTM D86 method.
Boiling point distribution of the tyre-derived oils
The TDOs covered a wide boiling point range, in agreement with that reported elsewhere [20] . . These values correspond to the limit boiling points of light naphtha, heavy naphtha and middle distillate respectively. Laresgoiti et al. [20] reported contributions of 20%, 10% and 35% respectively for car tyre-derived pyrolytic oils; for truck tyre-derived pyrolytic oils [38] the corresponding fractions were 40%, ≈15% and ≈45%.
Islam et al. [39] indicated contributions of 35%, 15% and 45% for bicycle/rickshaw tyre pyrolysis oils.
To characterise the TDOs produced at the different thermolysis temperatures, they were boiled (i.e., distilled) and the fractions produced recorded (Fig. 4) . These fractions fell into the following categories: gasoline (<149ºC), kerosene (149-232ºC), diesel (232-343ºC), fuel oil (343-371ºC), and heavy vacuum gas oil (>371ºC). The quantity of fuel oil remained rather constant in the TDOs produced at the different thermolysis temperatures. However, the amount of gasoline notably increased with the thermolysis temperature whereas that of diesel oil decreased. At temperatures between 500ºC and 550ºC, the major fraction corresponded to kerosene and diesel. As the thermolysis temperature increased further (650-700ºC), the TDOs became enriched in molecules with lower boiling points.
GC-MS
The chemical composition of the TDOs was complex, including compounds with structures of C 5 -C 34 . The products identified at 500ºC and 525ºC were mainly composed of aromatic compounds (80.1% area) and unsaturated hydrocarbons (7.6 and 7.8% area respectively). The oils derived at 650ºC and 700ºC were essentially made of aromatic compounds (93 and 94% area respectively). Their precursors were unsaturated species since their proportion decreased from 8% area to 2.6% area as the temperature increased from 500ºC to 700ºC. As reported elsewhere, the aromatic compounds derive from the pyrolysis of pure styrene-butadiene rubber [40] . The mono-aromatic compounds (benzene and their derivatives)
contents were similar at all temperatures (average area 53.0% ± 1.4%). Sulphur PAHs (benzothiazol) and nitrogen PAHs (alkylated quinolines) were detected in the all TDOs. Benzothiazol was formed as a consequence of the decomposition of benzothiayldisulphide (used as an accelerator in tyre manufacture). Table 3 summarizes the main components of the present TDOs. For the sake of simplicity, only those compounds with a percentage quantified area greater than 1% are included. In all cases, benzene and its derivatives were the most abundant products, with percentage areas ranging from 23% to almost 27%. Other compounds such as toluene and its derivates (13-18% area), naphthalene (11-20% area), indene (10-13% area) and xylene (6-13% area) were also detected.
Finally, the contribution of monoterpenes (limonene and cumene) produced from the depolymerisation of natural rubber by the β-scission of double bonds or by monomer recombination via a Diesel-Alder reaction [40] , was greater at thermolysis temperatures of 500-550º C (3-4% area).
Tyre thermolysis gases
Chemical composition Table 4 shows the composition of the gases evolved during thermolysis at 500-700ºC.
The amount of C1 (methane), C2 (ethane and ethene) and C3 (propane and propene) increased with increasing thermolysis temperature, while the amount of C4 components (n-butane, isobutane and 1-butene) decreased. The C4 components originate from the depolymerisation of styrene-butadiene rubber.
The CO x content fell with increasing thermolysis temperature (8.7 vol.% at 500ºC and 2.9 vol.% at 700ºC). CO x compounds derive from oxygenated organic compounds, such as stearic acid and extender oils, and fluff fibres adhered to the rubber, and even from inorganic components, such as CaCO 3 . The GCVs of the gases produced at each temperature, calculated taking into account their composition, were very high (64-85 MJ/Nm 3 ). An increase in temperature involves a reduction in the calorific value of the gas produced since longer chain hydrocarbons decrease in favour of lighter hydrocarbons and hydrogen. Table 4 ). Table 4 shows that the electricity produced from GST (ξ) to be 4.1-6.6 kWh/kg. The electrical yield (R e ), increased with the thermolysis temperature from 39% at 500ºC to 59% at 700ºC, in agreement with the variation in the volume of gas produced. The quantity of gases obtained at 500-525ºC was insufficient to keep the turbine running, but this was not the case at the other temperatures. Turning the thermolytically-produced gases into electricity is an interesting way of making use of them. In other pyrolytic processes, the gases produced pass through a heat exchanger, and the energy captured is used to heat the pyrolysis reactor.
As shown in Table 5 , 72-78.3% of the sulphur contained in the tyre remained in the solid and liquid fractions, the rest appearing in the gaseous fraction (21.7-28%). In fact, the sulphur was mostly retained in the char product, this retention increasing with temperature [43] .
The decomposition of sulphur bonds generated sulphidric acid in the thermolysis gases.
After filtering, the concentration of sulphidric acid in the thermolysis gases was rather low (0.8-0.9 vol.%), despite the GSTs containing 1.8 wt.% sulphur. No significant variation in H 2 S production was observed at the different thermolysis temperatures.
Thermolysis char
The solid obtained was a granulated black product, made of the initial mineral matter, the carbon blacks used in the manufacture of the tyres, and the carbonaceous material derived by secondary repolymerisation reactions among the polymer-derived products.
As the thermolysis temperature increased from 500ºC to 650ºC, the content in volatile material, ash, hydrogen and oxygen decreased, while the fixed carbon content (78.9-81.3 wt.%)
increased slightly ( Table 6 ). The GCV of the chars was 27.6-28.6 MJ/kg, i.e., hardly changing with the thermolysis temperature.
All the chars had relatively high ash (17-21 wt.%) and S (2.4-3.1 wt.%) contents. The ashes were made of Si and Zn and to a lesser extent of Na and Ca. Si and Zn are mainly added as oxides in tyre manufacture, SiO 2 as a filler and ZnO as a vulcanisation catalyst. Table 6 shows the chemical composition of the ashes (expressed as oxides) produced at different temperatures. No significant change was observed with thermolysis temperature: the contents in ZnO, SiO 2 and CaO was 27-28 wt.%, 52-54 wt.%, and 4.0-4.6 wt.% respectively. The presence of CaO is a consequence of the use of CaCO 3 in the tyre manufacturing process.
X-ray diffraction analysis of the crystalline phases of the char revealed their clear dependence on the thermolysis temperature. The diffractograms obtained at 500-550ºC were similar, with the crystalline phases corresponding to α-and β-ZnS (wurtzite, sphalerite) and PbS (Fig. 5a) . Scanning electron microscopy analysis revealed spherical ZnS particles on the char surface (inset in Fig. 5a ). At 650ºC and 700ºC, however, the crystalline phases in the char were mainly of zincite (ZnO), willemite (α-Zn 2 SiO 4 ), sodium zinc silicate (Na 2 Zn 3 (SiO 4 ) 2 ) and zinc silicate (β-Zn 2 SiO 4 ) (Fig. 5b) . The inset SEM image in Figure 5b shows cubic and hexagonal zincite crystals on the char surface.
The chars produced have a largely macroporous (>50 nm, IUPAC classification) structure with cavities over 100 nm across (see Table 6 ). The volume of the micropores (<2 nm) and mesopores (2-50 nm) was very small in all the samples analysed. The total pore volume Table 7 shows simple mass and energy balances for the studied process. The mass balance refers to 1000 kg of GST. The values shown were obtained from the recovery masses for the TDO, char and gases (see Fig. 2) . The values for the energy balance were obtained from the GCV of the GST, TDO, char, gases, and the propane used. The consumption of propane involved in heating the reactor varied between 150 and 154 kg/T GST , with consumption at its highest until a temperature of 450-500ºC was reached -a consequence of the thermal inertia of the GST decomposition reactions. The energy contained within the thermolysis gases was similar to or higher than that provided by the propane. This indicates that, as well as using the gases for producing electricity, they could very well be used to heat the reactors. The final energy balance shows that some 77-82% of the energy input (i.e., that provided by the GST and the propane) can be recovered, with energy losses increasing with the thermolysis temperature.
Conclusions
The yields of gas, TDO and char (15-22 wt.%, 34-46 wt.% and 39-44 wt.%, values that represent major recoveries from the GST feedstock) produced were similar to those obtained by pyrolysis in an oxygen-free environment.
The yields of TDO and gas were inversely related. An increase in the char yield was observed with increasing thermolysis temperature, probably due to the generation of carbonaceous deposits.
The TDO fraction was mainly a mixture of aliphatic and aromatic hydrocarbons. A large increase was seen in the PAH content at temperatures above 550ºC, while the monoaromatic compound content remained practically constant over the studied temperature range. The TDOs had very high GCVs (41-43 MJ/kg), higher than those of conventional liquid fuels. They might therefore be used as alternatives to the latter.
An increase in C 1 -C 4 gases was seen as the thermolysis temperature rose. The noncondensable gas obtained had high GCVs (64-83 MJ/Nm 3 ). Large amounts of electricity can be produced from the gases in gas turbines (4.1-6.5 kWh/kg of GST).
The chars obtained had a moderate GCV (27-28 MJ/kg), high ash (17-21 wt.%) and zinc contents, low BET surface areas (46-78 m 2 /g), and a mainly macroporous texture. Their high ash content is clearly a drawback; a demineralisation process would be needed to recover them as carbon blacks. Sulphur was preferentially retained in the char, increasingly so with rising temperature.
The optimum temperature for the present process appears to be 550ºC. At this temperature some 80% of the energy contained within the GST is recovered.
The thermolysis of GSTs and co-generation of gases by the GRAUTHERMIC-Tyres ® process would appear to be a viable means of valorising GST. Table 3 Main components of the tyre-derived oils determined by CG-MS (%area). Table 4 Composition (vol.%) and main characteristics of the thermolysis gases and production of electricity at different thermolysis temperatures.
Table 5
Sulphur in the solid and tyre-derived oil fractions. Table 6 Main characteristics of the chars. 
